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Protection Against Spacecraft Charging
%
; J. Victor Gore
2 Communications Research Centre
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Ottawa, Ontarie
Abstract
This paper discusses in detail the measures taken on the Communications |
Technology Satellite (CTS or Hermés) which provide proteéction against the effects :
of spacecraft charging. These meéasures include: a compréhensive grounding |
philosophy and implémentation; provision of command and data liri¢ transmitters 1
and recéivers for transient nolse immunity; and a fairly restrictive. EMI 1‘
spécification, ,
Ground tésts were madé on materials at the Léwis Reésearch Centér (LeRC). i
The imipact of thése tests on .he CTS spacecraft is described.
Hérmes, launched on 17 Jahuary 1976 on a 2914 Délta véhicle, has succéss-
fully completed 10 months of opérations. Anomalies obsérved are being assessed |
in relation to spacecraft charging, but no definitée correlations have yet been :
édtablished. |
The paper énds with a l{st of conclusions with regard to the CTS éxperience :
and liat 6f recommendations for future spacecratft. .
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L INTRODECTION

The Cominuriications Technology Satellite is dn experimental communicationa
satellite, operating in geosynchronous orbit, CTS was a joint project of the
Coimmunications Research Contre, Ottawa, Canada arid NASA lLewis Restarch
Cénter, Cleveland, Ohio, Major componénts wert provided by the Europcan
Spate Agency.

The purposé of CTS was to demonstrate the téchnological and social poss‘nil-
itles of 4 high power (230 W) SHF transpondér on the spacecraft used in conjunction
with small low cost earth terniinals, The high power dematided a thrée-axes
stabilized configuration, large deployable sun tracking soldr arrays, and thermal
requiréments wherein almost the éntire external surfave of the spacécraft was
dielectric. CTS probably Had more static charge aceumulating area than any
previous spacecraft in synchronous orbit. Figureé 1 is a photograph or the flight
model with the deployable arrays éxtenided, Each deployable array blanket is
21,4 ft by 4,2 ft, Theé substrate is a Kapton-fiberglass laminate, The solar cells
aré covered by nonconducting coverglasses, On thé body of the spacécraft, the
diclectric areus are:

(1) Solar ¢ell eoverglasses and fiberglass substrates cover the east and west
panals,

(2) Thefmal blarikets cover almost the eritire forward and aft panels,

(3) Kapton shields, not installed in this photograph, provide thermal protécs
tion for the SHF antenhas.

(4) Second surfacé mifrors, thermal blankets, and paints cover thé north
and south paneéls,

(5) A thermal radiator fin éxtending forward from thé south panel is part of
& variable conductance heat plpe syster that provides coolifig for the SHF Trans-
mitter Experiment Package (TEP). Both sides of the fin are covered with silvered
Téflon,

The largest conducting éxternil surfacés are the séparation ring, the apogee
motor nozzle, and the Bistém boom belilnd the deployable arrays.

For thermal and EMI reasons there are very few holes into the interior
volumes, Vernting was provided by a few screened apertures, loose flaps on
thermal blankets that closed after ascent stage, and a thin anniilus around the TEP
collector, Kleétron penetration into the interior was thereby minini{zed,

Theé CTS projéct was started in 1970, and by 1974, when we fully recognized
the danger presentéd by spacécraft chidrglng, the éfigineeritig model tests were in
progress and the flight model spacecraft and subsystems were being buuit, Major
chariges to hiardware would have had an enormious impact on thé project. Also,
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Figure 1, The Communications Technology Satellite (Ife.- .} i~ the Integration
Area, The deployable solar arrays extend from the norti: and south panels

the weight requirements were very tight. Therefore, changes were considered
only if they were relatively minor and if the consequences of not making them
would present a : “gnificant thréat to tne mission, Fortunitely, during the initial
design phase certain precautionary measures had been enforced that minimized
the modifications necessary to provide protection against spaceéraft charging
effects. These measures included: stringent grounding to meet the Launch Safety
Requirements as detailed in range safety manual AFETRM 127-1; stringent elec-
trical interface design stundards to ensure electrical compatibility and noise

l immunity; ahd design and test EMI requirements based on MIL-STD-461,

In ldate 1974, an investigation was started in Lewis Research Center, with the
’ cooperationi of CRC, to perform quickly the following tasks:

(1) Evaluate the magnitude of the danger.

(2) Obtain the electrical sighature of discharges that would occur on external
surfdces,

(3) Prepare a test specification for spacecraft level EMI testing using a spark
source. This source was to have an electrical signature consistent with the resuits
of the second task.

John Stevens set up an electron swarm chamber! and ran a very rapld and
prolific test program,
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Primafily as a result of thls work:

(1) The grounding of thermal blankets was improved,

(8) Teflon sécond surface niirrors were removeéd and reinstalled using cor-
ductive adhesive, .

(3) A review was made to ensure electrical connéctions were made betwéeen .
all metalli¢ parts and surfaces to the greatest possible extent. Some improve-
ments were madé,

(4) The EMI specification and interface protection circuits were reviewed.

(5) A cautious EMI test using a spark sourcé was doné on. the flight space-
craft,

(6) A Transient Event Counter (TEC)2 was included on the spacecraft to
detect high speed noise bursts on three cable harness bundles.

No changes were made to subsystern components to provide éxtra EMI protection
nor was any éxtra shielding added to the wiring harness.

Up to 10 months after launch weé have had.two major faults that could have been
initiated by charge accumulation or a discharge as described in Section 6. Also,
therée have been several trips in a Traveling Wave Tube Assembly (TWTA) that
are probably causéd by noisé bursts on an internal command line. No spuriois
commands have been expériénced and the telemetry has proven to be_ effectively
free of noise.

The rémaindér of this paper deseribés in more detail the grounding methods
and the EMI protection that were uséd, Two special tests, one on the command
beélt antenna and receiver, and the second on a sample of solar array, madé in the
LeRC facility are briefly deseribed. The paper énds with a list of recommiendations,

2. SPACECRAFT WIRING AND GROUNDING

The CTS spacetcraft uses a common éléctrical plane ground configuration as
opposed to a single point ground schéme, For the TEP only, special ground wireés
are provided, The spacecraft structure primarily the north, south, forward and
aft decks providé the ground return paths,

The primary power, sécondary power, télemeétry and commands werg carried
oh wirés grouped into four séparate wire harnesses. The only spacecraft wiring
that was shielded were 5 volt power lines to logic circuits, data lines between
attitude control sensors and the attitude control electronies, and the reaction cor-
trol systém wiring:

The only changes to the flighit spacecruft to provide protection against charglirg
were made to lmprove the reliability of the grounding of thermal blankéts and séc-
ond sirfacé miriors, and somé small metal parts,
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2.1 Grounding of tndividual Mounted Units

For all individually mounteéd units (IMU), except the TEP, the ground returns
for power, telemetry, and ¢omiméands areé through the spacecraft strvcture, The
primary ground connections for the IMUs are through their mounting surfaces.
The rédquirements for IMU grounds were for less than 2, 5 mQ between the IMU
and theé mounting deck, and for less thah 25 mQ betwéen any two IMUs, Secondary
ground réturns were provided by wires from connectors to a nearby ground lug on
a mourting deck.

For the TEP separate ground wires weré run from the TEP unit to the tele-
metry encoder, command décodér, and to the main power ground on the north
deck. This arrangement kept the interface between the TEP and the spacecraft as
simple as possible, and it also isolated the large current drawn by the TEP from
the ground plane used by the rest of the spacecraft.

For the telemetry channels that required extra noisé immunity for higher
accuracy, wires were run from the ground on the téléemeétry encoder to differential
circuits in the IMU, These wirés aré tiséd for voltage reference only and do not
carry return currents.

2.2 Grounding of Therimal Blankets

All thermal blankets are providéd with grounding connections. Blankets with
an area of less than oné square foot have oneé ground conneéction, and blankets cf
larger area havé two or moré grounds.

Figure 2 shows three ground configuratiors, types I, V and IX. With type I
and V the metallized layers, without the intérlayer scrim cloth, are extended in a
tab, a strip of aluminum foil 0. 001 in. thick ana 0,5 in, wide is Woven betwéen
the layers, and the tab is then rivéted with washers top and bottom. With type I a
solder lug is inciuded, and with type V the aluminum foil is éxtended for attachment
to a deek ground. The aluminumn foil provides a positive ground conneétion to each
layer and it also providés contact ovér a réasonably large area, Other types from
I to VIII are variations of éither I or V. The type IX is a léss securé ground. The
aluminum foil i§ wrapped drournid the outer layers only and contact to inner layérs
is made by ocecasional contact to the rivet. No ground of type IX were used on the
flight model of CTS.

'2:3_ Grounding of Second Surfuce Mitrors (SSHS) and Silvered Teflon-Electron

Swarm Tests at LeRC
in the LeRC experiments, it was found that quartz SSMs produced relatively
few and weak discharges. The qiiartz inirrors on the north and sotith panels were
borided with a noncorductive adhiesive and were hot changed, However, silveréd
teflon produced very fréquent {nterise discharges afid so thé teflon SSMs on the
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north and south deeks were removed and reinstalled using a conductive adhesive,
The discharges on silvered.teflon bonded with non¢onductive adhesive not only
produced electrical noige but alss a considerable quantity of the silver was eroded,
This indicated that during the electron irtadiation the Silver layer was being
charged, by leakage or possibly by micro-discharges from the surface. it also
meant that metal to metal arts were occurring, In a simulated 2 year mission,
test on a sample representative of the TEP radiation fin about 12 percent of the
dilver was eéroded. This erosion would have decréased the thermal radiation from
the fin by increasing the average absorbitivity and by decresasing the heéat conducted
from the fin substrate into the teflon. The erosion could probably have béen
tolerated, without incréasing TEP componént temperatures above acceptable
limits. However we felt ihat the EMI generatéd by metal to métal arcs was likely
to be much greater than the discharges off the surface of the teflon. The teflon
was thereforé removed from most of the fin area and rebonded with a ¢onductive
adhesive,

3. ELECTRICAL PROTECTION AGAINST EMI GENERATED BY DISCHARGE

3.1. Geneial EML Specifications

No special measureés were taken to protect units against the EMI that could be
generated by discharges. However, the existing specified limits for susceptibility
to conducted interference on power Iinés exteénded from 30 Hz to 40 MHz, In the
range wheré EMI from discharges is expected, 150 kHz to 400 MHz, the limit was
the 1 percent of the supply voltagé or 1 volt RMS whichever was greater. Also
units had to tolerate on any power rail, without malfunction, a spike of twice the
norinal supply voltage or 50 volts whichever was less. The spike rise time was
less than one usec and the duration was 10 uséc.

3.2 Commarnd and Data Line Interface Circuits

Comimand and data line transmitters and receivers were used to provide
immunity from noise and fast transients on command and data lines. The chardc-
teristics of these interface circuits are listed in Table 1, Figuré 3 shows typical
applications for these c¢ircuits. The interface circuits were purchased to a single
set 6f speéifications and furnished to contractors as GFE items. Although not all
contractors used the GFE éircuits, generally alternate ¢ircuits provided similar
interfase characteristics.

Ti the spacecraft level testing with the spark source (se¢ Seéction 5), the typical
noisé burst generated by the spark was & few volts high and about 200 nsec long.
The interface circuits would protect adequately against this.
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Table 1. Characteristics of the Command an< Data Line Transmitters and

Receivérs

COMMAND L INE

DATA LINE COMMAND LINE
TRANSMITTER TRANSMITTER TRANSMITTERS IN THE DECODER
u" LEVEL .25V @ -20 yA L25V 0 -20 JA 0to .1V
"I LEVEL 3.8V ¢ 10 mh 3.8V 6 10 mA 3.6 e10m
FALL TIME - 100 us 14s 50 S
RISE TIME 100 S 14 50 uS
DELAY TIME “0" TO 3.2V 100 4S ("0" 10 2.0v) 50 u9
DELAY TIME “3" TO .75V 100 uS ("1" 70 .6v) 50 .
COMMAND LINE DATA LINE
RECEIVEKS RECEIVERS
uQ" LEVEL .75V @ -3 yA 750 @ -3 A
"1* LEVEL .20 0 2.5m 3.2V 6 2.5m
DELAY TIME "0* TO 2V 100 us 20 1§
DELAY TIME “1* TO .SV . 100 uS 20 s

TRANSIENT REJECTION
NOISE REJECTION

5 VOLT PULSE 5 u$
5V RMS @ 10 MHz

5 VOLT PULSE 1 uS
5V RMS @ 10 MHz

BASIC CONFIGURATION

oo e

REDUNDANT DRIVER TO SINGLE LOAD

REDUNDANT DRIVERS TO RENUNDANT LDADS

rlﬂ

Ao e

1R

SEPARATE DRIVERS TO A COMMON LOAD

LR -{>o—a

Figure X, Typict) Applications for
Interfx.'- Circuits




3.3 Telemetry Iderface Requiramonts

The requirements for analog voltages, flags and digital words that are input
to the telenietry encoder are listed in Table 2, The types of input protéction in
the encoder are also listed. The telemétered data has proven to be éffectively
frée of noise. Generally, analog channéls show miuch léss than one bit of noise,

3.4 Special Tests-on the Command Receiver al NASA .ewis Research Centerd

The telemetry/command belt anténna is a pattern of metal patches and feed
lines on a fiberglass-teflon substrate, The substrate is backed with aluminum
sheet. The belt antenna is complétely exposed to the external particles and we
were concerned about possible inteérference to commands or ranging, and possible
damage to the thin feed lines,

Two short tests were set up in the LeRC electron swarm chamber. First, a
short section of belt antenna was placed in thé tank facing the electron béam. The
commiand output from the antenna was connected into the engineering model filters
and command recéiver. The réceiver ranging and commiand outputs were moni-
tored. With a 20 kéV beam discharges did occur thotigh not visibly on the belt.
The largest arcs produced a short duration 2 séc, 800 mV pulse on the receiver
ranging output. No disturbance was apparent oh the cornrnand output. The pulse
on the ranging mode Was judged to be of no consequerice. For the second test, the
belt anténna was placed in the tank with the metal grourid plane facing the électron
beam and the forward side facing a 6 in. x 8 in. sample of silvered teflon, The
teflon producéd frequent high amplitude arcing. No effects were observed on the
receiver ranging or command outputs. After the test the belt was caréfully exam-
ined: no damage was apparent on the feed lines,

4. THE DEPLGYABLE SOLAR ARRAYS

The largé light weight déployable solar arrays are unique to synchrorious orbit
spacécraft. The array substrate {s 0,001 in. thick kapton laminated with a fiber-
glass/polyéster layer. 7The solar cells are carerally bonded to the substrate so as
to leéave the gaps between thé cells frée of opaque adiesive. The substrate is
about 30 percent transparent to suilight, the g.2ss fibers will scatter some light
into the areas behind the solar célls, Therefore theré will be a certain amourit of
phiotoelectron emission from the rear surface, ard the substrate condiictivity may
be increased b photoconductiofi éffects. Thé arrays are nevérthéléss the largest

area of external shadowed dielectric on the spacecraft and consequéntly are possibly

sources of frequent dischargés.
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Table 2, Interface Requirémerts for Telemetry

ANALOG SIGNALS

NOMINAL RANGE
FULL SCALE

ONE BIT

SOURCE IMPEDANCE

LOAD IMPEDANCE
r2ING SAMPLING

ErcudER INPUT PROTECTION
BEFORE ANALOG SWITCHES

FILTER AFTER THE ANALOG

—e—

ov T0 5.0V
ov 10 5.1v
20 mV
<5 KR

1.0 M

4,7 Ko RESISTOR TO DIODE
CLAMPS TO +5.6V AND TO
GROUND.... .- _

SWITCHES-TIME CONSTANT 10 uS

FLAGS
FLAG 4.0V T0 5.5V
ZERO ov 10 .7V
DECISION THRESHOLD 2v
RISE TIME 1uS TO 10 §$
SOURCE IMPEDANCE <6 KQ

ENCODER INPUT PROTECTION

75 R RESISTOR TO DIODE
CLAMPS T0 +5_6V. AND
TO GROURD

DIGITAL WORDS

WORD "1*

ZERO

RISE TIME

SOURCE IMPEDANCE - "1"
Iloll

ENCODER NPUT PROTECTIOM

4.0V TO 8.0V
ov 10 .25V

1 uS T0 10 uS
<1.5 K

<2.5 K

o 'N"_'i 68K

5.6V

27K =




Tests were made ot a small séction of array in the LeRC chamber, with
electrons incident on the rear side of the array. In a dirk churmber, weak dis-
charges occurred with visible points of areing, primarily in thé vicinity of inter-
connects bétween the cells, Measuréments of the ¢lectrical output of the cells
before aid after the test showed that no deterioration resulted from the discharges.
No changes to the arrays weré considered because the fight units were completed
at this time and only a catustrophic fallure would have forced any modifications.

Flight data has shown no unusual elec¢trical degradation of the arrays.,

Launch ESTEC has made further tésts on an array sample, 4 with both a dark
chamber and with a light source illuminating only the solar cell side of the sample.
They have observed discharges with an illuminated sample at temperatures -10°C.
Except for transit through eclipsé¢ and immeaiately after the eclipse, the lowest
temperature of the flight arrays is 40°C. This test would indicate that there are

possibly no discharges off the arrays in sunlight, again except for a few minutes
after eclipse exit.

3. SPACECRAFT LEVEL EMI TESTING WITH A SPARK SOURCE

Based on measurémeats in their experiments, the LeRC group made a spark
source for the spacecraft level EMI test, Theé sourcé discharged a 500 pF capaci-
tor, charged to 10 kV across a spark gap. The discharge was underdamped with a
ringing fréquency of 25 MHz, The spark repetition rate was about 5 pulses per
second,

A series of tests were madeé on the flight spacecraft, These tests wére
cautious bécause we were using the flight spacécraft with no previous test experi-
ence. Also we were very untertain as to the magritude of the surface potertials,
and discharge current's that would be éxperiencéd in space. A réport by Shkarofsky
and Tam® {ndicated that the redr su~face of the deployable drray blarket could
charge to 4.4 KV and that the corresponding énérgy density would be 0. 27 mJ /cmz.
The 2.5 mJ in the sparker would therefore corréspond to discharging 100 square
centimeters of blanket, The same report indicated that the TEP radiator fin could
charge to 23 kV and thé 2.5 mJ would correspond to a discharge of only 10 square
centimeters, It was felt that these flgures, and the test results from LeRC repre-
sented "worst case" situations; however, they were sufficiently alarming to justify
the spacecraft level test,

For the test, the déployablée arrays wére deployed as shown in Figire 1.
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5.1 Deployable Army Tasts

The purpose of this test was to simulate the occurrence of arés on the rear
surface of the deployable array blanket, The procedure wds for the spark source
to be Held about 1 m from the rear surface of the blanket and to be moved slowly
towards the blaiiket. During the arcing, the télemetry output connection oft an
accelerometer mourted on the tip of the array was monitored with a high speed
oscilloscope. Each spark generited a noise burst. For reasons of caution the
approach towards the array was stoppéd when the noise burst exceeded § volts
peak to peak. This was done at three vertical positions, first opposite the instru-
mentation wiring on the array centerline, second opposite the areas containing
solar cells, and third opposite the power wiring along the edge of the blanket, At
the centerlitié positions the closest approach was about 30 cm, at the power wiring
the closest approach was about 3 cm (as close as thé cover on the spark source
allowed). During the test telemetry channels assotiated with instrumentation on
the arrays was monitored on strip charts. After the tests a computer search of
all the spacecraft channels was made, During all the sparking no telemetry data
was observed that could have been attributed to the arcing.

5.2 TEP.Radiator Fin Test

For this test the spark sourcé was held close to the radiator fin, or both sides,
but 4t some distance from sensor wiring. Selected telemetry chanhels associated
with the TEP, particularly those téthperature sensors mounted on the fin were
mohitored on strip charts, No change in output was observed.

5.3 Thermal Blanket Tests

In this test the spark sotirce was held near thermal blankets on thé forward
deck, but for reasons of caution, not near to sensors. The computer search
showéd no unusual telémetry data.

Obviously a more comprehiénsive set of tests would have been désirable but
only with previous test experience on nonflight hardware.

6. ANOMALIES

The power subsystém is divided fiito two independént sectioris: houseékeéping
and expérimetits ds shown ih Figure 4. The housekeéping section has three power
soturces, the body mourited solar array, the deployablé array and batteries. All
sources are coniiected to the unregulated bus with isolating diodes. The expéri-
ment section obtaitis powér from the deployable arrays only. The voltage sensor
on the expeiiment unregulated bus is on the array side of the over/under voltage

witch.
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Figuire 4. Power Subsystem. (a) Housekeeping section, and (b) eéxperiment
section

On 8 June 1976 at 06:43 GMT (23:59 spacécraft time) a short eircuit occurred
on the experiment unregulated power bus, Immediatély the short occurred, the
over/undér. voltage switch disconnected &1l spacecraft loads from the arrays. The
short contitiued 24 sec then cleared itself. The méost probable lotation for the
short circuit was on a board tontaining the power isolating diodes. This board is
mounted on the inboard pallet on the déployable solar arrays, and is completély
exposed to the extérnal énvironment. During the 24 séc the voltage on the experi-
ment bus varied erratically between 19 and 42 volts, behaviour typical of an arc.
Also the TEC reécordéd many noise bursts on the array power and {nstrumetitation
lines during the 1st, 18th, 21st, 22nd and 25tk sec. THhese bursts were probably
generated by the short circuit, The TEC had riot recordeéd any transients in the
2 hr proceeding the fault, A moderate substorm had been observed a few houts
éarlier. A microméteorite hit, charge accuiiulation or a small discharge result-
ing from charge accuimulation on the diode board could have initiated the short
circuit, The fault lias ot réoccurred,

On 28 September 1976 the housekeepltig Secondary Power Inverter and all

assocldted submodules tiipped off, Unfortundtely, this Inverter supplied power to
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the telemetry edcoders so we inmediately lost data. The Inverter was turned on
sorfie hours later and it has functioned normally since. A very jarge transient on
uged this fault, The TEC had not registered courts in

the power bus could have ¢d
This anomaly is still under

the previous hour afnd the magretosphere was quiet.

consideration.
Sifice launch there have been about 20 unexplained teip-offs on the power cofi=

vertér (EPC) associated with a 20 W TWTA. The EPC can get its turn off com-
mand on an intérnal coramand line, The EPC doés not use a command line recelver
on this line and it is known that a noise bupst will result in a trip, None of the
trips occurred coincident with TEC counts or with other spacecralt commanding.
However, it i8 possible that discharges cculd be introducing fast noise bursts and

éausihg the trips.

7. CONCLUSIONS AND RECOMMENDATIONS

During thé first 8 months of flight operations on CTS, we have éxperienced:
(1) No anomaliés commands (except the 20 W TWTA trips).

(2) Effectively noise free telemetry.

(3) Two major anomaliés that could possibly have béen cdused by charge

accumulation or discharges.
(4) Several trips on the 50 W TWTA power converter where a command line

transmitter receiver was not used.
(5) No uriusual degradation on the electrical performance of the flexible arrays.

From & spacecraft charging point of view, thé important design fedtures.on

CTS are:
(1) A unified ground plané configuration was used, thus saving the weight of

return wiring.
(2) Command liné and data line transmitters and receivérs were used to

achieve immunity from fast transients.
(3) All layers of the thermal blankets and all metal parts were grounded.
(4) Teflon second surface mirrors were wondes using conductive adhesives.
(5) Few wires wére shielded, thereforé the wiring harnéss wes as light as
possible.
(6) Very little weight was added for protect'on against charging.
(1) A simple transient event counter was flown,
Based on the CTS experience, I would make thé following récommendations:
(1) Use comrien. - 7 data line interfate circiits which provide protectiori

againgt short, bigh io . ansients.
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(2) Bond second surface mirrors including quartz ones with conductive
adhesives,

(3} Ground alllayers of ali therms '

. ermal blankets using a groun ]

tome 1om betion, dog d configuration of

{4) Ground all metal parts,
" (§). Carry oiit a spacecraft lével test on the engineering model, using a very
'ast spark source, to cstablish the eleétrical signature of transients on power :
corr:mat:ad, ant;l :elemetry lines.. Thesé data should then be uséd to specify EM'I
protection on flight model units. A comprehensive t hou

' . est shoiild be

flight spacecraft, mede o the

(68) EMI specifications should inelude lmits on emission and susteptibilit
on telenmeétry and comriand lines, ’

(1) Transieént sensors should be carried, Thesé sénsors should bé of more
comprehensive and sophisticatéd désign than the CTS TEC
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